Abstract. MUC4/Y, the transcript variant 4 of MUC4, lacks exon 2 as compared with the transcript variant 1 of MUC4. To date, direct evidence for the function of MU4/Y remains to be reported. Previous studies based their hypotheses regarding the function of MUC4/Y on the characteristic structure domains of this variant. The aim of the present study was to investigate the specific function of MUC4/Y. The pancreatic cancer cell line MIA PaCa-2 with low MUC4/Y expression was used to establish a stable cell model of MUC4/Y upregulation using a lentivirus vector system. Results showed that MUC4/Y anchored on the cytomembrane and affected cell morphology and cell cycle. Functional analyses indicated that MUC4/Y upregulation slightly potentiated cell proliferation and significantly suppressed apoptosis both in vivo and in vitro. Further studies revealed that the JNK and AKT signalling pathways were activated. Meanwhile, MUC4/Y upregulation elicited minimal effect on the phosphorylation level of HER2, a membrane partner of MUC4. These results suggest that MUC4/Y promotes tumour progression through its antiapoptotic and weak mitogenic effect on MIA PaCa-2 cells.
Introduction
Mucins are high-molecular-weight, heavily O-glycosylated glycoproteins that serve as gel-forming components of crude viscoelastic mucous gels for coating, lubricating and protecting the epithelial surfaces of the internal tracts of the body (1) . Fourteen human mucin genes, namely, MUC1-4, MUC5B, MUC5AC, MUC6-8, MUC11-13, MUC16 and MUC17, have been identified thus far (2) . All mucins share the similar structure that contains tandemly repeated amino acids. The membrane-associated mucin family member MUC4 has been reported in various types of cancer and inflammatory diseases, it has aberrant expression in pancreatic adenocarcinoma and pre-cancerous pancreatic intraepithelial neoplasias but minimal expression in normal pancreatic tissue and chronic pancreatitis (3) . MUC4 predictably generates two functional subunits: MUC4α (the mucin-like subunit) and MUC4β (the transmembrane growth factor-like subunit). A similar feature can be observed in the homologous rat sialomucin complex (rat Muc4), which has been well characterised and investigated (4) . MUC4 can produce at least 24 transcripts (sv0-MUC4 to sv21-MUC4, MUC4/X, MUC4/Y) (2) . These slice transcripts can be expressed in three forms: membrane-bound, secreted and lacking the hallmark feature of mucin (MUC4/X and MUC4/Y). Splice variants of MUC4 are present in pancreatic carcinomas but not in normal pancreas (4) . Thus, understanding the functions of these splice variants and the splicing process is necessary to determine their potential functions in pancreatic carcinomas. Different from sv0-MUC4, MUC4/Y lacks exon 2, which codes for the tandem repeat domain, however, MUC4/Y still contains the N-terminal and the transmembrane and cytoplasmic domains (4) . Therefore, the functions of MUC4/Y need to be validated. Lentiviral production and infection. The MUC4/Y gene (NM_004532.4, 167736352) was synthesised artificially and cloned into the pUC57 plasmid (by Genscript Co., Nanjing, China). Lentiviral production was achieved using the pUC57 plasmid carrying MUC4/Y (by Shanghai SBO Medical Biotechnology Co.), with a three-plasmid system of pCDH-CMV-MCS-EF1-Puro, pCD/NL-BH*DDD and pLTR-G. The pancreatic cancer cell line MIA PaCa-2 was infected following the manufacturer's instructions. Stable cell lines were selected with 3 µg/ml of puromycin (Sigma, USA) for 4 days. The cells were analysed by real-time PCR and western blotting for MUC4/Y expression. The cells were then subjected to further assessments as follows.
RNA extraction and real-time RT-PCR.
Total RNA was extracted from the cell lines with the TRIzol Reagent (Bio-Rad, USA). Extracted RNA was reverse transcribed into first-strand cDNA using IScript TM cDNA Synthesis Kit (Bio-Rad). The amount of cDNA used for the amplification of the target genes was normalised by the human GAPDH gene. The specific primers were: MUC4/Y forward, 5'-GTCCCAGGAATG ACAACAC-3' and reverse, 5'-AATGGTGGAAATGATG GTCTG-3'; GAPDH forward, 5'-ATCTCTGCCCCCTCT GCTGA-3' and reverse, 5'-GATGACCTTGCCCACAGCCT-3'. Real-time PCR was performed on StepOnePlus Real-Time PCR System (Applied Biosystems, USA) using FastStart Universal SYBR-Green Master (Roche, Switzerland). All procedures were performed in triplicate. The 2 -ΔΔCT method (9) was used to calculate relative expression.
Protein extraction and western blot analysis. Total protein from cell lines was extracted using the protein extraction Kit (Key Gene, China). The protein extraction was loaded sizefractionated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Bio-Rad). The membranes were incubated overnight with specific primary antibodies in dilution buffer at 4˚C. The antibodies against Bcl-2, Bcl-xl, Bax, CyclinD3, CDK-4, P27, Erk1/2, JNK, p38, c-Jun, AKT and HER2 were from Cell Signaling; GAPDH antibody was from Beyotime and 1G8 against MUC4/Y was from Invitrogen. The blotted membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-mouse or rabbit IgG at room temperature for 2 h. The targeting protein expression level was detected using an enhanced chemiluminescence detection system. GAPDH was used as internal control.
Immunostaining of cell lines. The cells were fixed with Immunol Staining Fix Solution for 5 min (Beyotime, China), pre-incubated with Immunol Staining Blocking Buffer (Beyotime) and then stained with monoclonal antibody against MUC4/Y. Nuclei were stained with 40-6-diamidino-2-phenylindole. Images were viewed and assessed under a fluorescence microscope.
Cell Counting and plate colony formation assay. We used CCK-8 (Dojindo, Kumamoto, Japan) to detect cell proliferation. The cells were seeded into 96-well plates at a density of 2x10 3 /well. At the same time each day, 10 µl CCK-8 was added to each well. The absorbance at 450 nm was measured after the plate was incubated for 3 h in the incubator. For colony formation, two groups of stable cells (300 per well in six-well plates) were cultured in DMEM medium for 12 days. These colonies were photographed and statistically analysed.
Apoptosis assays. Alexa Fluor 647 Annexin V/7-ADD viability staining apoptosis detection Kit (Biolegend, San Diego, CA) was used to test cell apoptosis. Serum was deprived for 48 h before detection. Flow cytometry analysis was performed with a FACSCalibur flow cytometer (Gallios; Beckman Coulter, Brea, USA). The percentage of apoptosis was computed using Cell-Quest software (Becton Dickinson).
Cell cycle analysis. Synchronising cell cycle is important to cell cycle analysis. Thus, we first deprived serum for 24 h and then added serum back for 48 h incubation. Propidium iodide (Key Gene) was added into the tubes at a final concentration of 50 mg/l and then incubated in the dark for 30 min. The DNA content was analysed by a FACSCalibur flow cytometer (Gallios; Beckman Coulter). Data were processed using Wincycle32 software (Beckman Coulter).
In vivo tumourigenicity. Six nude mice (BALB/c nude mice, Vital River, Nanjing, China, four weeks old) were purchased to analyse tumour growth in vivo. MIA PaCa-2 cells that over-express MUC4/Y (MIA-MUC4/Y) and MIA PaCa-2 infected by empty vector (MIA-EV) cells were subcutaneously inoculated at a density of 1.5x10 6 cells/animal into the flanks of nude mice. W and L were measured with calipers every 3 days, where W represents the smallest and L represents the largest diameter of the tumour. The mice were euthanised after 3 weeks. The volume of the implanted tumour was calculated using the formula:
Immunohistochemistry (IHC) for subcutaneous graft. Max Vision TM techniques (Maixin Bio, China) were used for IHC according to the manufacturer's instructions. After blocking endogenous peroxides and proteins, 4 µm of slides were incubated overnight with diluted primary antibody against specific protein at 4˚C. Then, the slices were incubated with HRP-polymer-conjugated secondary antibody at 37˚C for 1 h. The slides were then stained by 3,3-diaminobenzidine solution for 3 min and then counterstained with haematoxylin.
In situ analyses of tumour apoptosis. The transplanted tumours were fixed in 4% formalin and then embedded in paraffin. A TUNEL apoptosis detection Kit (Key Gene, China) was used to detect cell apoptosis in situ according to the manufacturer's instruction. All slices were assessed under the microscope. Fig. 1A) . The upregulation of MUC4/Y was affirmed by real-time PCR and western blotting (Fig. 1B and C) . Cell immunofluorescence showed that MUC4/Y can anchor on the cytomembrane and cytoplasm (Fig. 1D) . Formatted colony showed that MUC4/Y upregulation affected cell morphology. Compared with MIA-EV cells, MIA-MUC4/Y cells lost highly aggregated architecture and cell-cell interaction, and became slightly elongated (Fig. 1E) . Electronic speculum indicated that MUC4/Y increased the number of mitochondria (Fig. 1F) . Fig. 2B and F) . The results of IHC for subcutaneous graft targeting Ki-67 indicated that the MIA-MUC4/Y group had a more powerful proliferation state than the MIA-EV group ( * P<0.05; Fig. 2C and G) . The expression of HER2 did not significantly change ( Fig. 2D and H) . These data suggest that MUC4/Y contributes to tumour growth.
Results
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Effect of MUC4/Y on cell cycle and proliferation in vitro.
We employed the CCK-8 assay to evaluate the intrinsic effects of MUC4/Y on cell growth in vitro. As shown in Fig. 3C , the growth histograms according to absorbance indicated that MUC4/Y slightly increased the optical density compared with MIA-EV. Plate colony formation assay was employed to evaluate the long effects of MUC4/Y on cell proliferation. As shown in Fig. 3A , the number of formatted colony in the MIA-MUC4/Y group was close to that of the MIA-EV group, but the colony size of the MIA-MUC4/Y group was significantly larger than that of the MIA-EV group. The cell cycle was tested to further explain the difference in proliferation. As shown in Fig. 3B and E, the S phase had higher percentage in the MIA-MUC4/Y group than in the MIA-EV group. CyclinD3, CDK4 and P27 are associated with G0/G1 transition (10, 11) . Western blot analysis showed that P27 expression was markedly reduced. CDK-4 expression was increased. Of note, CyclinD3 expression was slightly downregulated (Fig. 3F functions of MIA-MUC4/Y and MIA-EV in tumour neovascularisation as well as the increased secretion of matrix metalloproteinase due to MUC4/Y can alter tumour-stroma interaction, which in turn affect apoptosis (12) . We analysed the apoptosis levels of MIA-MUC4/Y and MIA-EV in vitro to investigate the anti-apoptotic function of MUC4/Y independent of tumour-stroma interaction. As shown in Fig. 4A ( * P<0.05), the apoptosis level of the MUC4/Y group decreased compared with that of the MIA-EV group. Furthermore, western blot analysis showed that the expression levels of anti-apoptosis proteins Bcl-2 and Bcl-xl increased in MIA-MUC4/Y cells (Fig. 4C ). Correspondingly, the expression level of Bax in MIA-MUC4/Y cells was downregulated compared with that in MIA-EV cells. These results indicated that the mitochondrial pathways (intrinsic pathway) were involved in the anti-apoptotic function of MUC4/Y.
Effect of MUC4/Y on signalling pathways. Cells displaying uncontrolled proliferation due to constitutive activation of growth factor signalling contribute to malignant transformation (13). PI3-kinase, which is commonly activated by growth factor receptors, activates the serine/threonine kinase AKT to mediate a series of phosphorylation events that promote cellular survival (14) . p38, c-Jun and Erk1/2, which belong to mitogenactivated protein kinases, are also important targets of growth factor signalling that elicit diverse cellular responses, including cellular survival (15) . In the present study, we detected the phosphorylated and constitutive form levels of Erk1/2, JNK, P38, c-Jun, AKT and HER2. As shown in Fig. 5B ( * P<0.05), the ratio (phosphorylated/constitutive form) of HER2 was not significantly altered and Erk1/2 was not changed. Meanwhile, the phosphorylated/constitutive form ratios of JNK, c-Jun, P38 and AKT significantly increased in the MIA-MUC4/Y groups compared with those in the MIA-EV group.
Discussion
MUC4/Y is generated by deleting exon 2, which corresponds to exon skipping by the alternative use of accepter sites. The alternative use of exon as the most common mechanism to generate isoforms is involved in MUC4 transcripts, the same mechanism is present in several MUC4 transcripts, suggesting that MUC4/Y is not generated due to a splicing error (2) . The alternative mRNA splice forms may only function to downregulate the expression of the main functional form sv0-MUC4 (2). In the present study, MUC4/Y in the cytomembrane could affect cell function in proliferation and apoptosis both in vivo and in vitro. MUC4/Y retains some characteristic domains of MUC4, and some splicing variants of MUC4 encode the same protein. Thus, we deduced that different splicing variants of MUC4 may have certain functions (similar to MUC1) and that different proportions of MUC4 splicing variants may modulate the properties of MUC4. Previous studies revealed that rat Muc4 O-glycosylation domain is dispensable for its antiapoptotic activity (16) and that the O-glycosylation domain of mucin Mbs2 suppresses signalling through the HOG1 MAPK pathway (17) . Those studies suggest that splicing variants that lack the O-glycosylation domain can still promote tumour progression. The O-glycosylation domain is necessary for the efficient disruption of cell-cell and cell-substrate interactions (16, 18) . Thus, the presence of this domain could facilitate early events in tumour initiation (19) but may be dispensable at later stages of tumour development. Different transcript variants of MUC4 are comprised of different structural domains. The multiple functions of MUC4, which are attributed to its multiple characteristic structure domains, may also be a result of its diversity variants in different periods of tumour progression.
The MUC4/HER2 (ErbB2) complex has been observed (20) (21) (22) both in MUC4 normally-and aberrantly-expressed tissues. MUC4 and HER2 are frequently overexpressed in pancreatic cancer and in PanINs (22) . To date, there is no known ligand for HER2 (23) , but HER2 can act as a membrane partner of MUC4. MUC4 enhances cellular proliferation by interacting with HER2 (22) . In CAPAN-2 cells, HER2 is downregulated when MUC4 is knocked down, and MUC4 is downregulated when HER2 is knocked down. However, the effects of MUC4 or HER2-knockdown on signalling pathways vary, namely, MUC4 knockdown affects the JNK pathway, whereas HER2-knockdown alters the MAPK pathway (22) . In the present study, the upregulation of MUC4/Y in MIA PaCa-2 cells did not obviously alter the expression level of HER2, and the phosphorylation level of HER2 was activated in a limited manner. Previous studies indicated that the HER2-mediated activation of the Erk1/2 pathway is crucial in mediating cancer cell growth and proliferation (22) (23) (24) . Correspondingly, Erk1/2 was also not affected by MUC4/Y upregulation in the present study. Previous studies revealed that rat Muc4, as the intramembrane HER2 ligand, induces limited phosphorylation of HER2 and does not activate the Erk1/2 pathway without the neuregulin-mediated activation of HER3 and HER2. In this context, upregulation of the cell-cycle inhibitor P27 has been associated with anti-apoptosis (25) . In the present study, P27 was markedly downregulated. These data suggest that limited phosphorylation of HER2 may also be involved in the function of MUC4/Y. Otherwise, the presence of new unidentified partners of MUC4/Y for signal transduction is strongly suggested as the cytoplasmic domain of MUC4/Y is too short to transduce and activate downstream signals.
The paradoxical regulation of P27 indicates that other signalling pathways regulated by MUC4/Y are involved in its anti-apoptotic function. Previous studies revealed that AKT is involved in cell cycle regulation by negatively regulating P27 (26) . This result is consistent with the present findings. In addition, growth factor-induced activation of AKT via P38 is a pro-survival pathway in lung cells (27) . The transcriptional activity of c-Jun is regulated by phosphorylation at Ser63 and Ser73 through SAPK/JNK-activated JNK, and the downstream target AP-1 is involved in proliferation and apoptosis (28) . The previously identified function of the JNK pathway in apoptotic regulation through Bcl-2/Bcl-XL phosphorylation (29) is consistent with our results. These data indicate that multiple signalling pathways are affected by MUC4/Y. Thus, MUC4/Y may have more functions in tumour progression.
The present study is the first to demonstrate the functions of MUC4/Y in anti-apoptosis and pro-proliferation. This study also showed that multiple signalling pathways were affected by MUC4/Y. MUC4/Y can anchor itself on the cytomembrane, suggesting that it can be classified into the membrane-bound forms. MUC4 is difficult to investigate due to its high molecular weight. The function of MUC4/Y identified in the present study could be used as basis for directly investigating the other structural domains (AMOP, NIDO and vWD) of MUC4.
